The capability to monitor gene expression represents an invaluable tool to understand cell regulation. The activity of β-galactosidase (β-gal), the product of the lacZ gene of Escherichia coli, is one of the most widely used reporters of gene expression. β-Gal is a versatile reporter since its activity can be monitored using a variety of chromogenic and fluorogenic substrates in both prokaryotes and eukaryotes. However, efficient access of these substrates to β-gal enzyme is hindered by cellsurface barriers. Routine protocols for the quantitative determination of the in vivo expression of β-gal activity in any system require cell permeabilization or destruction of cell integrity to obtain crude extracts (1) (2) (3) (4) (5) (6) (7) (8) . This makes β-gal determination less straightforward than, for instance, green fluorescent protein (GFP)-or luciferase-based reporter systems, which do not require cell lysis or permeabilization. In general, besides being time-and material-consuming, multiple step manipulations before the addition of the β-gal substrate can hinder the development of highthroughput protocols, which are essential in genome-wide approaches. It would be desirable to develop simple one-step assays that could be automated for parallel screening of large numbers of samples. In this work, we report a fast method, functional in a broad range of organims, which makes β-gal determination as straightforward as other reporter systems mentioned here. In this system, β-gal activity is determined through the simple addition of the fluorogenic substrate 4-methylumbelliferyl β-d-galactopyranoside (MUG) (8, 9) to intact cells of bacteria, yeast and mammalia. We show that, since it does not require centrifugation or cell lysis steps, this assay can be applied to high-throughput screenings, such as mutagenesis or two-hybrid, based on the differential expression of the lacZ gene.
First, we evaluated MUG as β-gal substrate for quantitative assays on intact bacterial cells. Bacterial cultures were grown overnight in 96-well microplates, 20 μL of each culture were transferred with a Multiprobe ® IIEx Robotic Liquid Handling System (Packard BioScience, Meriden, CT, USA) to 96-well microplates (black/ clear Optilux™ flat bottom; BD Falcon™; BD Biosciences, San Jose, CA, USA) containing 80 μL of Z-buffer (3) , and the corresponding cell density was evaluated by determining the A 595 in a Model 550 Microplate Reader (Bio-Rad Laboratories, Hercules, CA, USA). Twenty-five microliters 1 mg/mL MUG in dimethyl sulfoxide (DMSO) were then added to each well, and the samples were incubated at room temperature for 15 min. The reaction was stopped with 30 μL 1 M Na 2 CO 3 . The amount of fluorescence generated by β-gal-dependent MUG hydrolysis was quantitated in a microplate fluorometer (FluoroCount™; Packard BioScience), using as a blank reference the assay on a cell-free culture medium sample. Arbitrary units of β-gal activity (MUG units) were calculated as follows:
where F 360/460 , t, and A 595 are sample fluorescence at the end of the reaction, time of reaction in minutes, and absorbance of the cell suspension, respectively.
As shown in Figure 1A , we examined a selection of both E. coli (ER100) and Pseudomonas putida (MAD1, MAD2) reporter strains carrying a chromosomal fusion of the lacZ gene with the P. putida Pu promoter activated by the toluene-responsive XylR regulator (10, 11) , and expressing a wide range of β-gal activities. In MAD1, which contains the wild-type XylR regulator, we detected a strong 70-to 150-fold stimulation of Pu activity upon toluene addition. In MAD2, we observed the constitutively high Pu activity mediated by the XylRΔA variant. In E. coli ER100, where XylR was expressed from a plasmid, we detected a higher basal level of Pu expression that increased approximately 2.5-fold upon toluene addition. Importantly, strains isogenic to those described here either lacking the Pu-lacZ fusion (ER99 and KT2442) or the activator gene (ET99) showed negligible fluorescence upon MUG addition ( Figure 1A) , indicating that the majority of fluorescence in the assay derived from MUG hydrolysis by β-gal. Furthermore, MAD2 cells showed high β-gal activity even in the absence of toluene, indicating that the increase in β-gal expression after toluene addition in ER100 and MAD1 was not an artifact due to cell permeabilization by toluene. This was also confirmed by the 2.5-fold induction of Pu expression upon 2-methylphenol addition to E. coli ET100 ( Figure 1A ), a strain expressing the XylR-related and methylphenol-responsive activator TouR (12) . Thus, the β-gal activity assay based on MUG hydrolysis is an effective method for measuring reporter gene activity in bacteria without the need for a cell lysis step. The reproducibility and sensitivity of this in vivo assay is at least as good as the one displayed by the classic Miller's test (see Supplementary Figure S1 available online at www.BioTechniques.com).
We also validated the use of the MUG assay in a high-throughput expression screen in bacteria by determining TouR transcriptional induction BENCHMARKS One-step high-throughput assay for quantitative detection of β-galactosidase activity in intact Gram-negative bacteria, yeast, and mammalian cells Faustino Vidal-Aroca, Michele Giannattasio, Elisa Brunelli, Alessandro Vezzoli, Paolo Plevani, Marco Muzi-Falconi, and Giovanni Bertoni activity in a collection of touR mutants. We applied pentapeptide scanning mutagenesis (PSM) (13) to the TouRexpressing plasmid pTRR6N-touR and evaluated the expected variability in TouR activity in a large pool of random 15 bp insertions, both within the touR gene and in the vector backbone. Briefly, 96 clones of the pool were inoculated in a 96-well microplate and grown in the presence and the absence of 2-methylphenol. For each sample, Pu promoter induction was analyzed by high-throughput automated MUG assay and compared with the Pu performance in the reference E. coli ET100 carrying a nonmutagenized pTRR6N-touR. As shown in Figure 1B , the collection of 96 clones derived from the mutagenesis showed a high degree of variability in TouR-mediated activation of Pu. The site of the 15-bp insertion was mapped in every clone. All clones that showed a significant deviation from the TouRmediated activation pattern of the reference also contained an insertion within the touR gene. By contrast, the majority of the clones showing an activation pattern similar to the control strain had the 15-bp insertion in the vector backbone. Only three clones containing an insertion within the touR gene exhibited no significant deviation from the reference in the MUG assay, possibly because the mutation occurred in TouR regions tolerant for the insertion. A reexamination of the mutated clones with Miller's assay confirmed the results obtained by the MUG assay for each clone tested (F. Vidal-Aroca and G. Bertoni, unpublished results).
We also assessed the utility of the MUG assay in a promoter-trapping experiment in P. putida KT2442, intended to identify toluene-responsive promoters. First, a library of KT2442 insertion mutants was generated by (17) and CC118 Pu-lacZ (11) derivatives, respectively, carrying the medium copy-number plasmid pACYCxylR, a pA-CYC184-based (18) plasmid expressing the xylR gene under the control of its native promoter. E. coli ET99 and ET100 are CC118 Pu-lacZ carrying pTrc99a (19) and pTRR6N-touR, a pTrc99a-based plasmid expressing a 6×His-tagged TouR protein (12), respectively. P. putida MAD1 and MAD2 are KT2442 (14) reporter derivatives bearing a hybrid mini-Tn5 transposon that includes a transcriptional Pu-lacZ fusion along with the sequence of either the wild-type xylR gene or the xylR allele encoding the constitutively active XylRΔA protein, respectively (10). The MUG assay was performed on cells of the indicated strains that had been grown overnight, both in the absence (empty bars) and the presence (shaded bars) of effector molecules [toluene vapors for XylR-or 1 mM 2-methylphenol (2-mp) for TouR-expressing strains], in 96-well microplates filled with 100 μL LB medium, supplemented with either ampicillin for ET99 and ET100 or chloramphenicol for ER99 and ER100, or 100 μL synthetic mineral M9 medium supplemented with 0.2% citrate, in the case of both MAD1 and MAD2. β-Gal activity is reported as MUG units, and the value for each strain represents the average of three MUG assays performed on eight independent cultures. (B) Variability in the TouR-mediated activation of transcription within a PSM library generated as described previously (13, 20) . The MUG assay was performed, in two independent experiments, on 96 PSM-derived ET100 clones grown overnight in 96-well microplates filled with 100 μL LB medium supplemented with ampicillin, both in the presence and the absence of 1 mM 2-methylphenol, the TouR effector molecule. For each clone in both conditions, values represent the ratio between the average MUG units determined in the two experiments, and the average MUG units expressed by ET100 carrying a nonmutagenized pTRR6N-touR (MUG units ins /MUG units wt ). MUG, 4-methylumbelliferyl β-d-galactopyranoside; LB, Luria Bertani; PSM, pentapeptide scanning mutagenesis. (14) . Approximately 3000 clones were inoculated into 96-well microplates and grown in the absence and in the presence of toluene. β-Gal activity of every clone in each growth condition was determined by the automated high-throughput MUG assay. About 250 clones showing a ratio of at least 2.5 between β-gal activity in the presence versus the absence of toluene were arrayed in 96-well microplates, and their β-gal activity was retested by the MUG assay in three independent experiments. Two clones showed a significant induction ratio of 3 and 20, respectively. These results were also confirmed by Miller's assay (E. Brunelli and G. Bertoni, unpublished results) and validate the MUG assay as a very useful method for the fast screening of large numbers of samples, allowing several repetitions of the experiment to obtain statistically significant data.
We next examined the possibility to extend the MUG assay described here to yeast by using a reporter strain (EGY48) harboring the positive and negative control plasmids belonging to the MATCHMAKER LexA TwoHybrid System (Clontech, Mountain View, CA, USA). In particular, we compared the β-gal activity of EGY48[p8op-lacZ] strains carrying either the empty vectors pLexA and pB42AD or pLexA-53 and pB42AD-T, in which the interactors p53 and simian virus 40 (SV40) T-antigen were cloned as hybrid proteins, respectively. In this system, prey fusion protein expression is under the control of the yeast galactose-inducible GAL1 promoter. We assayed intact yeast cells grown both in the presence and the absence of galactose. As shown in Figure 2A , the results obtained in yeast faithfully reflect what is expected for these control plasmids (see Supplementary Figure S1 for a direct comparison with a traditional β-gal assay in yeast). In the MUG assay, the pLexA/pB42AD pair showed barely detectable β-gal activity both in the presence and the absence of galactose. By contrast, the pLexA-53/ pB42AD-T containing strain displayed a strong β-gal induction by galactose (about 30-fold), traceable to T-antigen overexpression. To test whether another fluorogenic substrate of β-gal could be used in place of MUG, we also performed the experiments with fluorescein di-β-d-galactopyranoside (FDG). We added 25 μL of a 1 mg/mL solution of FDG to yeast cell suspensions in a 96-well microtiter plate, incubated at room temperature for 15 min, and stopped the reaction with the addition of 30 μL 1 M Na 2 CO 3 as in the MUG assay. Equivalent results were obtained in the FDG assay ( Figure  2A ), suggesting that both substrates can be effectively applied to growing yeast cultures without requiring prior collection of cell pellets and production of crude protein extracts. Since this is a rate-limiting step in screening large numbers of samples, we extended the MUG assay to an automated high- throughput screening in intact yeast cells. Yeast diploid clones (1.5 × 10 7 ), derived from a mating-based twohybrid screening using the yeast checkpoint protein Ddc1 as bait (15), were selected in the presence of galactose on -LEU medium, which allows growth only if bait and prey interact. Twentyfour of the approximately 800 positive clones were grown in a 96-well microplate, in the absence and the presence of galactose, and the automated MUG assay was performed. Figure 2B shows the MUG units measured in the 24 cultures in the absence or presence of galactose. Clone numbers 5, 6, 8, 19 , and 24 were scored as positives in this interaction screening assay since the β-gal activity was dependent upon galactose induction. The application of the MUG assay to such a screen is of notable value because many of the clones that were positive in the auxotrophic screen revealed very low β-gal expression. Thus, this method allows users to reduce rapidly the number of clones to be analyzed after the first round of selection and also provides a quick indication of the most promising clones based on the strength of the interaction between bait and prey.
All the results shown in Figure 2B were confirmed by Miller's test in yeast cell extracts (data not shown). It is worth reporting that clone number 8, the strongest Ddc1 interactor, corresponds to the Rad14 repair factor, and clone number 6 was Rev7, a subunit of a translesion DNA synthesis polymerase. Both these factors have been shown to interact physically and functionally with Ddc1 (15, 16) . The setup we describe allows for rapid screening of numerous strains in different experimental conditions. To rule out that the MUG assay detected β-gal released from cells during either growth or exposure to DMSO (in which MUG was dissolved), we performed the MUG assay for both bacteria and yeast on (i) culture media from which cells had been removed after growth and (ii) samples of cleared 20% DMSO in Z-buffer used to treat cells for 30 min. In all cases, fluorescence values of the MUG assay were undistinguishable from a blank reference.
Finally, we tested the MUG assay on intact mammalian cells. To this end, adherent NIH 3T3 mouse fibroblasts, either nontransfected or transfected with pSV-β-Galactosidase Control Vector (Promega, Madison, WI, USA), carrying lacZ under the control of SV40 early promoter, were recovered after gentle treatment with trypsin, resuspended in Z-buffer at 500 cells/μL, and 100 μL aliquots were distributed in black, clearbottom 96-well microplates (50,000 cells/well). The determination of the number of viable cells and the cellular density were estimated by Trypan blue exclusion assay. Twenty-five microliters of 1 mg/mL MUG in DMSO were added to each cell suspension. Samples were incubated at room temperature for 60 min, and 30 μL 1 M Na 2 CO 3 were added to stop the reaction. The average of fluorescence emission by β-galhydrolyzed MUG measured on five wells in three independent experiments for each kind of cells was determined as described above and was 25-fold higher in the wells containing transfected fibroblasts. Remarkably, the mean fluorescence value of the nontransfected mouse fibroblasts was not significantly different from that of control wells containing 100 μL Z-buffer only (data not shown).
In summary, we report here that reliable β-gal determination can be accomplished in a broad range of organisms by the simple addition of MUG without any centrifugation, cell permeabilization, or lysis steps. This single-step procedure, combined with direct determination of A 595 and F 360/460 in the same well, renders the MUG assay a more suitable and economical option for fully automated highthroughput screening. Therefore, it can find large application in fields such as functional genomics, drug discovery, and diagnostic screens, which rely on high-throughput applications.
